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I. INTRODUCTION

The present volume is most easily described as an extensicn
of an earlier similar effort! The extension is mainly to higher energies
but it also includes colliding beam similations as well as muon
production and transport. There is also a larger variety of gecmetries
presented. But the purpose remains the same: to provide a collection of
graphs which may sexrve as a rough guide in shielding applications. De-
tailed designs seldom resemble the idealized cases analyzed here and
deserve specific camputation with particular attention to any suspected
weak spots. The graphs included here are intended to go no further than
to farm a useful starting point in design work. Such an approach is al-
ready quite effective at 1 TeV and below and will became even more so at
higher energies where shielding costs are even larger.

The choice of standard energies (5, 10 and 20 TeV) reflects
the range of collider energies presently contemplated and allows for
modest extrapolation outside this range. For fixed target results up to
1 TeV refs. 1 and 2 may be consulted. As in refs. 1 and 2, all results in
this volume (except those pertaining to "muon beams™ use the Monte Carlo
code CASTM® Where #° induced electramagnetic showers are included as,
e.g., in muon production or in energy deposition, they are simulated with
the AEGIS* code. Predictions of CASIM (plus AEGIS where applicabled for
target heating, induced radiocactivity and absorbed dose in the sub-TeV
Tegime agree quite well with experiment® Likewise CASIM results compare
well with a set of absorbed dose measurements taken outside thick shields
for a variety of beam loss and shielding gecmetries® The full extension
of CASIM into the multi-TeV doamain requires considerable modifications to
both particle production and particle transport models. This extension is
presently cnly partly completed.



Particle production in CASIM for the fixed target (parti-
cle-nucleus) cage is still described by the Hagedarn-Ranft model” plus a
high p, companent. and a low energy muclecn camponent® This model compares
well with experiment in the sub~TeV range? No such comparisons exist for
the extended (>1 TeV) model but at least no grossly unphysical features
seem to appear. Some trends are worth noting: (1) the average fast
charged particle muiltiplicity increases too slowly with energy, e.g., far
copper it rises from 13 at 1 TeV to about 17 at 40 TeV. From CERN
Collider results a larger multiplicity is to be expected; (20 the
normalization of the Hagedorn-Ranft production c¢ross sections becames
scmewhat, worrisome at the higher emergies. In CASIM leading particle
spectra are ncrmalized to a total of exactly two such particles and pion
spectTa are ncrmalized to enforce overall energy conservaticn. Both fac-
tors stay within 10% of unity in the 3 to 1000 GeV range. However the
leading particle normalization factor climbs to 1.17 at 40 TeV while far
pions it falls to 0.46 (using again copper as an example).

This does not mean that the typical shielding calculaticn
is invalidated by these defects. Such calculations usually sum over many
generations and the mechanism of energy conservation (built into the
model) ensures scme self-carrection for reascnably small deviations from
reality. For example, by underestimating its miltiplicity, a Monte—Carlo
interaction at 40 TeV necessarily produces particles with higher average
energy, which in taon produce more particles in the next generation than
would be the case if the correct multiplicity were predicted. It should
also be emphagized that these deficiencies of the model are limited to
the highest energies and hence affect only the first few generations. In
fact, predictions of CASIM on star densities and troad beam energy depos—
ition in the TeV domain agree welll® with results of other codes which
employ production models of more recent vintage. Also, while an improved
particle production model is clearly desirable, same care must be taken
in its farmulation to assure agreement with experiment at the highest
available energies while maintaining the predictive power of CASIM in the
sub-TeV domain. This might be best undertaken when more detailed results
of the CERN Collider and Fermilab Tevatron are available.



Hadron production by colliding beams is described by an
empirical model based mostly cn Fermilab data, along with scme CERN Col-
lider results and constrained by conservation laws. This model is out-
lined in Sec. IT. Prompt muon production is described by an empirical
formulal! which expresses muons as a fraction of pions produced as a
function of Feynman—x. This formula is based on much lower energy work
and is used here mainly out, of convenience. Nonetheless, the formula does
feature a slow increase in muon multiplicity with incident energy as is
expected from increased charm and bottom (plus perhaps top) meson produc-
ticn though it is not attempted to quantitatively justify this particular
rate of increase.

Particle transport in the multi-TeV regime differs signifi-
cantly from that at lower energies due to the increasing importance of
bremsstrahlung and direct pair production as a source of energy loss and
angular diffusion. The basic approach and implementaticn into CASIM is
described elsewhere'? Results presented here involving mion transport are
obtained with the updated code. Predictions of this code are in excellent
agreement with data of Kopp et all® on the energy distribution of a
120 GeV mion beam transmitted through a 9.3m thick iron target. Hadron
dose and star demsity calculations are performed with a simple extension
of the old code which treats energy loss due to bremsstrahlung and pair
production on an averaged basis and neglects the associated angular
diffusion. This is justified for this type of calculation since anly the
most, energetic particles are affected by this and since production angles
will tend to be much larger than the deflection incurred over cne
interaction length. Energy deposition at large radii is calculated in
similar fashion.

By cantrast, energy deposition calculations over radial
distances of the corder of typical beam sizes anticipated at the colliders
(a8 low as 50 ym) must include an accurate descripticn of these new sour—
ces of angular diffusion. The reascn is that for such small beams the
radial dependence of the energy demsity varies rapidly over distances



comparable to the beam size. This has important applications in the de-
sign of beam cdumps and the problem of radiation induced quenching in
superconducting magnets. Calculations of this type are also more likely
to be affected by the details of the particle production model. Therefore
they are not included in the present volume.

The basic CASIM code is reascnably well documented® and the
recent update to the (mon) transport part is described elsewherel?
Below, in Section IT, the particle model used to simulate colliding beam
interactions is described. Section III deals with presentation and
interpretation of results, while the results themselves are briefly
reviewed in IV. Section V contains some information on the codes used in

preparing this volume.
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II. PARTICLE FRODUCTION IN COLLIDING BEAMS

The particle production model used in the simalation of
colliding beams is a simple parametrization based cn extrapolatian of
lower energy experimental results. As is the case for the Hagedorn—Ranft
model used in the fixed target part, leading particles, i.e., final state
particles which may be identified with the incident particles, are dis-
tinguished from particles newly created in the collision. For the present
purpose leading particles are always protans or neutrens. Elastically
scattered (colliding) protons will almost always either remain within the
beam cr else leave the beam apertare at large distances from the inter—
action region and are therefcre ignored. The more energetic leading par-
ticles will typically also remain in the beam pipe for a considerable
distance. Hence leading particle production need not be treated in utmost
detail. (Large angle elastics and leading particles along with other
produced particles mist be removed by scme collimation scheme so ag to
protect the downstream superconducting magnets. This type of problem is
not considered here. It is also possible that such a collimator, particu-
larly one intercepting a large fraction of these particles near the in—
teraction region, may require shielding for persammel or envircmmental
protection. This is strongly dependent on the detailed design of the
interaction region and therefare likewise amitted here.)

A. Leading Particles

Leading particles are divided into a diffractive and non-
diffractive component. Goulianos'# uses the parametrization

do/dx, = .OlA/(1-x) + AQl—=xp) 0.9 < x; £ x** &)
where the first term is the diffractive part. To confarm to the treatment
of the produced particles (see below) the radial scaling variable, X,
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the particle’s energy in the center of mass expressed as a fraction of
its maxcimom kinematically allowed value, replaces the more usual Feynmen
x used by Goulianos. For the present work these should be campletely
interchangeable. From the coherence condition'? the diffractive part must
vanish around x,~0.9. It is therefore assumed that

do/dx, = BU-xp) = 2A(1-x) xpi% < x. 0.9 @
where the secand equality follows from continuity at x;=0.9. The value of
A follows from normalizing egs. (10 and (2 to unity. The behavior of
ds/dx, when X, approaches its kinematic limit is not well described by
eq. (1>. Note that x, can be expressed as

X = (M 3> /8 &
meresisthesquareofthetotalenergyinthecenterofmssandnxis
the invariant mass recoiling against the leading protcn. The datal® at
low M, Guigh x;) show that do/dx, starts at zero a.tll')’("'“ﬂpﬂfand (an
average) increases relatively rapidly through a series of rescmances in
M,, to a maximm whereupon it the declines in accordance with eq. (D).
Far cur present purpose the complicated behaviar of do/dx, near threshold
is simulated by assuming that it remains constant between

x; = 1~0.6/8 @

(corresponding to M,=1.22 GeV> and xp** (where M =21™) . Below x2 eq. (D
is assumed to hold.

The p, dependence of the leading particle cross section is
assumed to be of the type

ds/dp3 « exp(-bpd OF
For the non—diffractive part b is set to 5 (GeV/o) ™2. For the diffractive
part b=2b'1}‘ vhere b_, pertains to elastic scattering near the forward
direction and is taken from the parametrization of Block and Calm'® It is
assumed that diffractive protons do not undergo charge exchange but that
non-diffractive protons convert into neutrons with a probability of cne
half. This is in rough accard with data of Engler et all”



12

Upon multiplying eqs. (1> and (2 by x; and integrating
over the entire x, range cne obtains the leading particle center of mass
inelasticity, i.e., the fraction of the total energy carried off by lead-
ing particles. This equals about 0.43 with little variation over the 5 to
20 TeV colliding beam energies explored here.

B. Pions and Kaons

As in CASIM, the leading particles’ energy is subtracted
fram the total energy and the remainder is shared ameng the produced
particles. Not every particle species is represented in the similated
collisicns. In CASIM the produced particles are simply the three types of
picns. For the colliding beams, partly because the cross section formulae
are mich simpler, kaons are incluled as well. In either scheme other
particles can always be added without having to recast the entire model.

The invariant cross section for r and K production is assu-
med to be

Ed%/dp® = Al (@2 @-1)1.3%"2/2¢p +1.3)™) (6

where A and n depend on particle type: A(r“)=1 and AK")=A(r")/9, and
n(r")=3.5, n(r)=4.2, n&"=2.8, n&H=5.2.  Since small angle particle
production has not yet been studied in detail at the CERN Collider these
parameters are taken (somewhat loosely) fram Fermilab data of A. Bremner
et ali® and J. R. Jdmson et all® and with the AG™ fixed by energy
canservation. The p, parametrization is based on the work of Arnisom et
al?° with the value of m based cn extrapolation of CERN ISR and Collider
data. For the present work m=6.5 far 7<2 and m=9.0 far %>7 (y being the
center of mass rapidity) and m is taken to vary linearly in between. The
usual rule of taking the r°X®) production cross section to be cne half
the sum of the charged rd0 cross secticns is followed.

This simple model predicts a charged particle inelasticity
of about 0.77 and a rms p, is about 0.67 GeV/c both with little variation
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over the range of vs fram 10 to 40 TeV. The charged particle multiplicity
varies from 43.9 to 48.3 over this range. This is likely to be an under-
estimate.

Eq. & as well as its counterparts for leading particles,
egs. (1D and (@, permit relatively simple Mcnte Carlo selection schemes

to be implemented, whether selecting proportional to the multiplicity or
to the inelasticity.
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III. INTERPRETATION OF RESULTS

A. Dose and Star Densities.

A frequently used procedure (followed, e.g., in Ref. 1) is
to present star densities above some predetermined cut-off. The standard
cut-off is 0.3 GeV/c?! (Above this value cross sections vary only slowly
with energy and this permits a mmber of shortcuts in the program which
could not be maintained at lower momenta. The precise value of the cut-
off is scmewhat arbitrary but considerable convenience is derived by
adhering to the 0.3 GeV/c standard.) These star densities may then be
canverted to dose assuming the presence of an equilibrium momentum spec—
trum of the participating hadrons. Such an equilibrium spectrum (with a
spectrum shape insensitive to location) prevails anly at sufficiently
large depths and radii. At lower values of r and z a cenversion factar
based an an equilibrivm spectrum would underestimate the dose. In these
cases ane must use a location dependent conversion factor?

This procedure is included in a mmber of experimental
tests® of CASIM and yields quite satisfactory results. It is however
limited to shields composed of soil and concrete for which the equilibri-
um spectrum shape is reasonably well established. For shields composed of
iron or heavier elements application of a similar procedure®:?? requires
great cauticn. Because of large fluctuations in neutron cross sections
as a function of energy for these elements and because of the absence of
hydrogen it requires deeper pemetration to establish an equilibrium spec-
trum. Furthermore while an equilibrium spectrum, e.g., in soil, may be
expected to be reascnably robust with respect to small changes in (soil)
campoeition this is not necessarily so for the heavier shields. Perhaps
most impcrtantly the empirical basis of the procedure, which is quite
well established for soil and concrete, is lacking.
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The rule adopted here is to present results in terms of
dose equivalent (rem) for soil and concrete and in terms of star densi-
ties for all other materials. The dose is calculated by applying a star-—
to—dose conversion factor, which depends on particle type and on momen-—
tum, within the Monte—Carlo. For low energy neutrons this factor is iden-
tical to the one of Ref. 1 thereby guaranteeing agreement with the above
menticned procedure in regicns where low energy neutrcms predominate.
Closer to the incident beam there are additiomally significant contribu-
tions due to r° initiated showers and due to charged particles. For com
parison, the results for a solid concrete (soil) cylinder are presented
both ways.

The limitation of reliable dose calculations to soil aor
cancrete is in practice not a severe cne. Almost all accelerator shield-
ing relies on an outer layer of soil or concrete for neutron attermation.
A rule of thumb is that about 1m of concrete (radially) is required to

Hadron production (mostly low energy neutrons) by electro-
magnetic cascades is not included in any of the calculations. Compared to
direct production this seems quite inefficient, but the fractional energy
spent an electromagnetic showers (~67% at 20 TeV in iron) increases mono—
tanically with energy and this guarantees that eventually this mechanism
will become significant.

Expressing dose-equivalent in rem (in lieu of sievert) may,
regrettably, inconvenience same but it offers at least scme contimuity
with ref. 1. Since rem is still widely used and the conversion is tri-
vial, there need be no further apology. Mcre serious is a likely future
revision of quality factors, particularly if the calculated dose~equi-
valent. has more than one significant component which could undergo dis-
gimilar revisions. Fortimately, in most applications a dominant component
(usually either muons or low energy neutrons) may be readily idemtified
and a revised dose-equivalent can then be evaluated.
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Ref. 1, amcng many other sources, contains some hints and
recipes cn converting calculated results of the type presented here into
more immediately useful numbers. For convenience some often encountered
conversion factors are reproduced here with the caveat that these are not
universally agreed upon.

In concrete and in regions where the cascade is sufficient-
ly developed the beamon dogse rate may be estimated from the star den-
sity:

ane [star/an®] correspands to 350 hadrons/cm?
ar 1.5 10°® rad
ar 9.0 10°® rem.

In ixen and in regions where the cascade is sufficiently
developed star density may be converted into exposure rate resulting fram
induced radicactivity. For the "worst case" of infinite irradiation time,
zero cooling time and on contact:?3

ane [star/{cm3sgec)] correspands to 3 10™® rad/hr.

To protect against ground water activatiqn, the criterion
is a limiting concentration of radicactivity in drinking water. It is the
practice at Fermilab to translate this into a limiting mmber of stars
per incident proton produced in wncontrolled soil. This, in turn, dic-
tates size and shape of beambhmps. There is no wnique conversion factor
from radicactivity concentration to stars per incident proton. This de-
pends cn the expected beam intensity as well as the (usually poorly
known) transpart of the radicactivity produced around the dump to the
water source. Based on very comservative arguments a typical Fermilab
beamchmp admite 0.015 stars/incident proton in uncontrolled soil. In
contrast to the conversion factars above this mmber is only meant as an
illustration and is not for direct use in design calculations.
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B. Scaling.

For hamogeneous shields of roughly the same atomic composi-
tion simple scaling rules?4 may be applied to adjust for different densi-
ties. Since the basic parameters d(interaction length, stopping power,
particle production characteristics, etc.) vary only slowly with atomic
mass these scaling rules have a rather wide range of application particu-
larly where rough answers suffice. In the present study these rules are
applied over a very narrow range viz., to inter-relate calculations for
wet: soil, dry soil and concrete. Given their similar camposition the
scaling should be nearly exact. For convenient access it appears useful
to repeat here scme farmulae of Ref. 24 upon which the scaling (illustra-
ted in a large mmber of the graphs) is based.

Star densities scale as:

S, T./p) =8 & /p 3 v
where ¥ is the position vector within the shield and p is the demsity.
The subscripte identify different materials, e.g., ¢ for concrete and w
for wet soil with assumed densities p_=2.4 g/cn® and p =2.24 g/cn®. In
eq.(7) it is assumed that S_ is explicitly calculated and that S is
derived by scaling, i.e.,

S, (1.071F ) = 0.813+5_& ) @®.

For star density results presented in the foarm of ccntour plots the above
equations show how both r and z axes must be recalibrated as well how as
the contours are to be relabelled.

Doee scales as

D,¢p.t./p =D EF G /p 02 @,
i.e. with the axes to be recalibrated as for star demsities but with the
contours relabelled differently. Star densities integrated over radius

]
Iz = [ S@2xrdr ¢1))
C
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obey the scaling rule

Iz /p =1 CG2op /00 an .

Note that in all cases presented here (unlike eq. (11)) the upper limit
is actually scme finite radius (problem boundary) . Use of the scaling law
requires that the problem radius be large.

The integrals of star density over depth (z) shown in the
graphs refer to

/
IG) =21 [ S@dz a2 .

IG) follows the same scaling law as ‘Zz[’(z), shown in eq. (11> and with the
same caveat about, the upper limit of integration. The factor 2xr in
eq. (12), while somewhat unconventional, facilitates subsequent integra-
tion of 1G> over r.

For heterogeneous shields scaling laws are obviocusly less
applicable. Yet ane may identify instances where these laws may be used
though generally to a lesser degree of approximation. The case of a beam
strilking a target in an ctherwise empty tumnel provides a suitable illus-
tration. For example, cne may seek to apply scaling for different turmel
wall materials while keeping everything else identical. If the tumel
wall surface is thought of as a source of particles at comstant r but
widely distributed in z them it is clear that scaling does not apply in
the z—directicn. However the integral over all z can still be scaled
provided radial distances are measured from the turmel wall:

ICx /o1 = /oI & - 1) 3.

For a cave, scaling may be applied for the integral over r in the z-—di-
rection provided the dominant cantribution enters through the back wall
rather than through the tumnel wall. Certain problems, though in prin-
ciple heterogenecus, will yield reasonably appraximate answers when trea-
ted as hamogenecus for scaling purposes, e.g., the more energetic muons
emanating from a malti-TeV proton beam loss in a magnet inside a turmel
may traverse several km of soil before stopping and little accuracy will
likely be lost by scaling on the basis of the homogeneous soil case.
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IV. RESULTS

A convenient tabulation of all results appears in the Table
of Contents. For ease of reference the entries in this listing refer to
the page rumber of the corresponding graph. Most of the graphs are readi-
ly interpreted but, where appropriate, some commentary is provided in
this section. The results are divided into : (A) hadron dose and B mucn
dose from fixed target initial interactions, () hadron dose and 0) mion
dose from colliding beam initial interactions, where "initial" indicates
that effects of the cascades induced by these interactions are included.

A. Hadron Dose. Fixed Target.

Figs. 1-3 present contour plots of star demsity for 5 ,10
and 20 TeV protans incident an a solid (i.e., homogeneous) carbon cylin-
der. Fig. 4 shows radially integrated star demsities as a function of
depth (2) and fig. 5 longitudinally integrated star densities as a func-
tion of radius ), also for carbon and for the same incident proton
energies. Figs. 6-10 repeat this sequence of graphs for concrete and
simaltanecusly, via the scaling of Sec. ITI, for soil. Figs. 11-13 are
iso~dose plots for the concrete/soil case, cbtained from the same calcu-
lations as the star demsities but converted to dose~equivalent by a fac-
tor which depends an  particle type and momentum. Figs. 14-28 show star
density results for alumimm, iren and lead. For all cases the beam is
parallel to the cylinder axis and has a Gaussian distribution indepen-
dently in x and y with a==ay=1 mm.

Figs. 29-33 deal with radicactivity induced in soil cutside
thick targets. Fig. 29 plots contours of equal total star production in
soil ocutside an iron block by 20 TeV protons incident an axis. Forward
and backward directions are shown separately. Note that these results
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pertain to a block, not a cylinder as for the star densities, with xE=y
indicating the half width of the block. As can be seen in fig. 29 all
iso-star cantours quickly assume their asymptotic form parallel to the x
and z axes. This is expected since little can be gained by adding to the
sides when escape is predominantly from the back and vice versa. Since
not mich informaticn is contained in the "corners" of the contours, the
rest of the plots, figs. 30-33, show cnly the location of the asymptotes
as a function of x or z. Thus fig. 30 exhibits the total mumber of stars
produced cutside an infinitely wide, semi-infinitely lang irem block,
i.e., the block has finite length in either the positive ar negative z-
direction. Fig. 31 plots the total mumber of stars produced outside of an
infinitely long iron target which is likewise infinitely wide for either
z>0 or z<0 but has finite width in the other half-space. Figs. 32 and 33
are the coarresponding graphs for concrete/soil. Results for z<O are less
well established and conservative interpretation is advised. These f ig-
ures may be useful as starting values in, e.g., optimizing the cuter
dimensicns of a beam cump. Although the star density cantours contain
essentially the same information, the results presented in figs. 29-33
are more convenient to use as well as expected to be more accurate, espe-
cially at large x or z. This is a result of a different Mante-Carlo
strategy employed: (1) in computing the mumber of stars in soil due to
escapees the "scare" associated with each such escapee is the average
total mmber in stars, a mmber not subject to fluctuation, and (2) col-
lision length biasing is introduced to ensure that types and spectra of
the escapees are sufficiently sampled. This strategy can be adapted to
inhomogeneous targets as well as to more complex gecmetries.

Figs. 34-58 show energy demsity contour plots alang with
radially and longitudinally integrated energy densities for the same
standard cases as shown for the star densities. These results emphatical~
1y exclude the region close to the beam trajectory where more care must
be taken in evaluating the energy deposition.
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Calculations of the hadron dose resulting fram catastrophic
beam loss appear in figs. 59-72. Calculations of a more specialized na-
ture such as these are more useful, by virtue of a more realistic gecme-
try, but at the same time less useful since they are influenced by design
changes and since some simplification in modelling beam loss, accelerater
geametry and magnetic fields is inevitable. Two gecmetries are included
here: (i a contimuous, circularly curved dipole represented by a "Cs"
magnet. and (ii) a 1 mm thick beampipe in a straight section, each enclo-
sed in a 1.2 m radius (respectively curved and straight) turmel. Beam
pipe, magnet and tuamnel are assumed to be concentric. The camposition of
the tammel wall is assumed to be wet soil. Because the main objective is
to determine the wall thickness needed far protection from catastrophic
beam loss, the star density is evaluated in the tummel wall canly.

Design drawings of the cross—section of the dipole alang
with a sketch of its representation in the program are shown in fig. 73.
An ideal magnetic field is assumed present in the gap. In all cases of
this study the cemtral field is taken to be 6.0 Tesla. This means that
for a contimious dipole case (the anly type considered here when a field
is present) the ring radius is adjusted for different beam momenta. Out-
side the gap the field is cbtained by interpolation from arrays of its x
and y compcnents specified an a rectangular grid with 0.25 inch spacings
covering the magnet cross-section?® Also foar the dipole case three beam
loss modes are presented: (i) beam loss on inside of the beampipe, i.e.,
towards the center of the ring, (ii) beam loss on cutside and (iii) mid-
dle. The latter may be thought of as resulting, e.g. fram beam—gas inter-
action. In each mode the beam is assumed to interact precisely at z=0 and
with its direction tangential to the curving magnet. For inside and ocut-
side beam loss the beam is of infinitesima)l extent in the horizental
direction and has a Gaussian spread of 0.01 cm vertically. For beam loss
in the middle the beam is assumed to be (uncorrelated) bi-Gaussian with
a;—oy=0.01 cm.

To obtain the azimuthal dependence of the star density the
0 to r range (the problem is symmetric about, the midplane) is divided
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into three bins: O to 7/4, r/4 to 37/4, and 37/4 to 7. Not unexpectedly
the azimithal dependence is small enough to be ignored since the dose in
the tarmel wall is neutron dominated. The z axdis for all cases is the
distance along the central orbit of the accelerator. Results for 10 TeV
are not shown since these are easily obtained by interpolation frem the 5
and 20 TeV graphs. The interesting secand bump appearing for the case of
inside beam loss is due to particles crossing the aperture which is geo—
metrically favored in this case. The location of the peak is roughly
where the tangent to the inside of the beampipe at the interacticn point
meets the beampipe cnce again on the outside, which is where neutral
secandaries are expected to land.

Figs. 74 and 75 show the linear star demsity in the air of
the turmel, which swrrounds respectively a magnet and a bare beampipe, as
a function of distance from the point of interaction. This serves as an
estimate of air activation resulting from beam loss. For the beampipe
case the dose calculated in the backward direction is not shown since it
is both very small and very umcertain.

B. Muon Dose. Fixed Target.

The first set of figures survey same results on muon pene—
tration in soil. For all cases a mono-energetic, parallel muon beam of
infinitesimal extent is incident on a homogeneous soil target of infinite
extent. The incident energies range fram 10 GeV to 20 TeV. Figs.76-83
show the distribution in z where the mums come to rest as well as the
rms spread of the maon beam as it pemetrates into the soil. These graphs
illustrate strikingly the qualitative changes occwrring with increasing
energy in the slowing down process of the maons. At the lower emergies
where collision loeses are still dominant the distribution is well de—
scribed by a range plus a straggling tail (0/<z>=0.070 at 10 GeV). At the
higher energies where pair production, bremsstrahlung and muclear inelas-
tic scattering are more important the distribution resembles a broad
Gaussian (5/<z>=0.29 at 20 TeV). Figs. 84-87 display the x distribution
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of micns caming to rest. Figs. 88-91 are scatter plots showing the densi-
ty of stopped muions as a function of radius and depth. Figs. 92-G5 are
cantour plots of the energy deposition density as a function of r and z.
For small r and z these results are not well resolved. Figs. 96-99 dis-
play the linear energy density as a function of z along with a breakdewn
of muon energy deposition mechanisms.

Figs. 100-104 pertain to muons generated by the hadren
cascade when a moncenergetic hadron beam enters a homogeneous soil tar-
get. While this has few immediate applications it may be of interest as a
limiting case, since the presence of any voids will generally increase
the mion flux. Also, without geometric or other camplications, it may
serve as a test case, e.g., in comparison with other calculations.

Mcre practical fixed target mxm problems are addressed in
figs. 105-141. Muon dose fram catastrophic beam loss an a beampipe is
shown in figs. 106~108. The gecmetry is the same as for the hadron case
but, because of the deep penetration by the muons, the tummel length must
now be made explicit and is chosen to extend 1 km beyond the interacticn
point. This is of the arder of the length of a straight secticn contem-
plated far the SSC26

The remaining figures in this set deal with muon dose from
catastrophic loss in a contimious dipole. Again the geametry and magnetic
field description are identical to the hadron case. The presence of a
magnetic field along with the large distances involved and the curved
gecmetry introduce some ambiguity in the choice of reference frame to
analyze this problem. There are two obvious choices: (1) a "beam frame"
in which the z axis is tangential to the accelerator and (ii) a "magnet
frame" where z is replaced by s, the distance along the central crbit.
Analyzing the same calculation separately in each frame is not necessari-
ly an optimal procedure but it should produce an overview of the problem
from which more detailed calculaticns can then depart.
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The beam loss mode is idealized as in the hadron dose cal-
culations with the same distinction of losses on the inside, outside and
middle of the beampipe. In contrast to the hadron case the muon dose
rates show a marked azimuthal dependence. An exhaustive treatment is not
attempted, but figs. 109-141 present an overview as well as Chopefully)
the more interesting cases. Note also that results for beam frame and
magnet frame overlap to some extent at small z or s. Magnet frame results
are given only for the azimuthal quadrant to the inside of the ring since
(D muon dose in the outside quadrant is better analyzed in the beam
frame and (i muons can travel large distances by "charmelling", i.e.,
being repeatedly reflected between magnet aperture and retarn field. From
the latter viewpoint positive muns are somewhat more interesting than
negatives by virtue of (0 having the proper guide field orientation in
the aperture where there is no emergy loss and (i) being produced in
somewhat larger mmbers by proton induced cascades, particularly the more
energetic muons. Since positives reflect off the inside of the magnet
they are expected to leave the tammel in that direction.

Longitudinally integrated emergy density plots in the beam
frame have some contribution at radii less than the tammel radius which
is cmitted in the figwres for lack of simple interpretation, on account
of the curved geametry, and because this region is eagier to analyze in
the magnet frame. This also applies just outside the tammel wall.

C. Colliding Beams. Hadron Dose.

The idealized geametry of a collision hall used in the pre-
sent calculations is shown in Fig. 142. Dimensions are roughly those
given in ref. 26. A1 mm thick beampipe rums through the center of the
hall. The protans are assumed to collide at the origin and produce sec—
andaries according to the model of Sec. II. These particles in tarn
interact. with muclei in the beampipe and walls according to the extended
Hagedorn-Ranft model. Tn addition to the usual azimuthal symmetry there
is also reflection symmetry about the vertical center line. This is ex-
ploited in the calculations and also in the presentation of the results,
which cover only half of the interaction region. This must be borne in
mind when integrating results over the entire region.
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Results are given separately for the side wall and for the
back wall of the cylindrical hall in figs. 143-150. This geometry provi-
des a "worst case" since the hall will typically house some apparatus,
€.g., a large detector, which provides significant shielding. Figs. 151-
154 show results for another extreme: a beampipe swrrounded campletely by
soil. These results plus same interpolation and extrapolation could pro-
vide a useful starting point for a more realistic calculaticn.

D. Colliding Beams. Mucn Dose.

Muon dose calculations from colliding beams sources are
primarily cancerned with the deeply penetrating macns travelling along
the collision axis. The relevant geometry is that of the accelerator near
the interaction regions and it strongly influences the relative importan-
ce of decay versus prampt mucns, since this is largely determined by the
distance traversed through voids by r and K produced in the collision. A
realistic calculation would trace the produced particles through a rea-
sonable idealizaticn of the accelerator components and thus compute for
each particle of the sample its appropriate decay probability into a
mn, as well as keep track of scattering and any magnetic bending of
both produced particle and resulting muon. Such an undertaking is proba-
bly warranted when the design of the machine is sufficiently frozen. Here
a much cruder approach is taken: the interaction is assumed to take place
in a void at a fixed distance from a semi-infinite homogenecus soil
shield in which the mxn energy deposition is analyzed. The distance to
the soil shield is taken to be respectively 20 m, 100 m and 250 m. The
20 m and 100 m represent the distance to the begimning and end of the
strangly focussing quadrupoles near the interaction region where scme of
the produced r and K are expected to leave the aperture. The 250 m cor-
respands roughly to the distance at which the two beams re-enter their
separate apertures?® The main objective here is not to make quantitative
predictions for the SSC btut rather to explore the question of prampt
versus decay mucns for a reasanable range of decay lengths. Figs. 155-175
show results for the penetrating mxns. The radially integrated plots
also contain a breakikwn an the muon production mechanisms.
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The final set of graphs pertain to muon dose in the vicin-
ity of the collision hall. The particle production model indicates that,
in an average event, a large mmber of soft hadrons are emitted. Accom
panying these hadrons cne expects same mucns of comparable energies to be
present, resulting both from prampt and decay mechanisms. The different
character of hadron and muen absarption poses the question as to which
camponent determines the shield thickness. It appears that for the side
walls (figs. 176 and 177> the muon dose already beccmes camparable to the
hadren dose at around 2m of soil for the region nearest to the colliding
beams. At the far end of the hall this equi—dose thickness is about 4m.
For the back wall «ig. 178) the hadron dose dominates campletely. The
collisicn hall gecmetry is the same as used to calculate hadran dose. To
obtain meaningful results in reascnable execution times the selection of
hadrons and proopt mxns in the colliding beams must be heavily biased
towards those with large p..

In the light of these results and of the uncertainty of the
production model, especially for muons, the side wall calculation might
be worth repeating with different sets of assumptions as a check an sen-
sitivity of this result to the model. Another uncertainty about this
problem is geametrical: to find a reasmnably simple geametry which ap-
proximates a "worst case" from the muon shielding point of view. It has
been ascertained by separate calculations (not explicitly included here)
that the removal of the 1mm beanpipe changes the results very little,
i.e., the beampipe’s effect as an absorber of mxmns roughly campensates
for its effect as a source of new maons. This is not clear a pricri, and
it is also not clear that this will contimie to hold as the beampipe’s
thickness is increased, e.g., to simulate the presence of other
apparatus.



V. PROGRAMS

As menticned in the Introduction the basic program used in
this work is CASIM supplemented by AEGIS for electromagnetic showers, by
the empirical particle production model for colliding beams and by mumn
production and transport. To generate the various results CASIM was cast
into several different versions. The differences between any two such
versians not only reflect the presence (or absence) of colliding beam cor
macn beam similations but also include different gecmetries, presence of
magnetic fields as well as bimming, normalization and printing of the
results. This modus operandi, vis—a-vis the obvious alternative of com~
bining everything into cne program with multiple optims, is the result
of both necessity and convenience. A single program alternative would
easily exceed the ~100 Kword limit at the CYBERs of the Fermilab Computer
Department where most of the development and debugging was done. Actual
ruming tock place almost exclusively on the FPS of the Acceleratar Divi-
sicn where starage is more than sufficient but where turm—around far

shart, debugging runs might create a problem.

Any of the various versions is available by contacting one
of the Fermilab authcrs. The programs are all in FORTRAN V and are tested
cn both CYEER and (VAX equivalent) FPS computers. Most need one or more
extra files (e.g., range—energy tables) as well as a data file. The codes
are not necessarily “user friendly" but all carry an introductory de—
scription specifying where the majar changes fram the standard CASIM
occur and which files are referred to by the program. All such files as
well as sample data files are likewise available. This work, especially
the graphs, may serve as a "mema" of what is available as a suitable
starting point for further exploration.



CASTM VERSIONS FOR SSC SHIELDING STUDIES

A. Fixed Target. Hadron Dose

CAS2. Standard CASIM. Computes star densities, rem dose and (at
large radii oanly? energy depositian.

CaX7 . Catastrophic beam loss in contimuous dipole placed in a
(carved) tammel or of beampipe in straight sectiom.

CAIR. Star density in air of tummel for catastrophic beam loss

in contimuous dipole or beampipe in straight section.

B. Fixed Target. Mucn Dose

MUP3. Muon beam in infinite, homogeneous soil. Requires
histogramming package, e.g., KIOWA or HBOXK.

Q4N Mucns froem catastrophic beam loss in contimious dipole.

QMSS. Mucns from catastrophic beam loss in straight section.

C. Colliding Beams. Hadron Dose

IRHS. Collision hall try. Calculates star density or rem
doese in gide or back wall.

D. Colliding Beams. Mucn Dose

IRMS. Colliding beams in void. Variation of decay space is
simuilated by moveable wall. Includes contributicn of
hadron cascades in soil.

NIRM. High p, mxms in collision hall gecmetry.
Cammmications about bugs, mprovanmts new or unusual

applications, etc., with reference to the codes will always be
greatly appcreczated
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STAR DENSITY (STARS/cm-inc. PROTON)
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Fig. 4. Radially integrated star density (in stars/ameincident protomn
for 5, 10 and 20 TeV protons incident an 12m long solid carbon

cylinder.
The protans begin interacting at zero depth.

The calculation has a cut—off momentum of 0.3 GeV/c.
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Fig. 5. Longitudinally integrated star density (in stars/ameincident
protan) for 5, 10 and 20 TeV protons incident an 5.0m radius
solid carbon cylinder. The calculation has a cut-off momentum
of 0.3 GeV/c.
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STAR DENSITY, CONCRETE, STARS /cm-inc. PROTON
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Fig. 9. Radially integrated star density (in stars/cmeincident protary for
5, 10 and 20 TeV protons incident en 12m leng solid cancrete (left
& bottom axes) or soil (right & bottom axes) cylinder. The calcu-
lation has a cut-off momentum of 0.3 GeV/c. The protons begin
interacting at zero depth.
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Fig. 10. Longitudinally integrated star density (in stars/cmeincident
protarw for 5, 10 and 20 TeV protons incident an 5.0m radius
solid concrete (left & bottom axes) or soil (right & bottom
axes) cylinder. The calculaticn has a cut—off momentum of
0.3 GeV/c.
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STAR DENSITY (STARS/cm-inc. PROTON)
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Fig. 17. Radially integrated star density (in stars/ameincident protand
for 5, 10 and 20 TeV protons incident on 12m lang solid aluminum
cylinder. The calculation has a cut-off momentum of 0.3 GeV/c.
The protons begin interacting at zero depth.
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Fig. 18. Longitudinally integrated star density (in stars/cmeincident
protary for &, 10 and 20 TeV protans incident on 5.0m radius
solid aluminum cylinder. The <calculation has a cut-off
momentum of 0.3 GeV/c.
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Fig. 22  Radially integrated star density (in stars/cme*incident protamn)
for 5, 10 and 20 TeV protens incident on 12m lang solid iren
cylinder. The calculation has a cut-off momentam of 0.3 GeV/c.
The protans begin interacting at zero depth.
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- 23, Longitudinally integrated star density (in stars/cmeincident

protory for 5, 10 and 20 TeV protons incident on 5.0m radius
solid iron cylinder. The calculation has a cut-off momentum
of 0.3 GeV/c.
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STAR DENSITY (STARS/cm-inc. PROTON)
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Fig. 27 Radially integrated star density (in stars/am*incident protor

for 5, 10 and 20 TeV protans incident on 12m long solid lead
cylinder. The calculation has a cut-off momentim of 0.3 GeV/c.
The protens begin interacting at zero depth.
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Fig. 28. Longitudinally integrated star density (in stars/cmeincident
protory for 5, 10 and 20 TeV protons incident on 5.0m radius
solid lead cylinder. The calculation has a cut-off momentum
of 0.3 GeV/c.
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Fig. 30. Stars in soil (in stars/incident proton) outside infinitely
wide solid iron block as a function of length of the block.
The block has finite length either for z<0 or for 2>0 and is
infinitely long in the opposite direction. The calculation
has a cut-off momentum of 0.3 GeV/c.
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Fig. 31. Stars in soil (in stars/incident protan) outside infinitely

long solid iron block as a function of length of the block.
The block has finite width either for z<0 or for z>0 xGy)
is the half width] and is infinitely wide in the other half-
space. The calculation has a cut-off momentum of 0.3 GeV/c.
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Fig. 32. Stars in soil (in stars/incident protor) outside infinitely
wide solid concrete (bottom scale) or wet soil (top scale)
block as a function of length of the block. The block has
finite length either for 2<0 aor for z>0 and is infinitely
long in the opposite direction. The calculation has a cut-
off momentum of 0.3 GeV/c.
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. 33. Stars in soil (in stars/incident protan) ocutside infinitely
long solid concrete (bottom scale) or wet soil (top scale)
block as a function of length of the block. The block has
finite width either for z<0 or for z>0 [x{(=y) is the half
width] and is infinitely wide in the other half-space. The
calculation has a cut—off momentim of 0.3 GeV/c.



AuTeqIeoun [es14sT9els 0] anp 1o
AqLreTd 1ol pOYITWO  5q A SMOJUOD A0S STXe ISPULTAD sy} U0 paIsjuad pue 0y [arrered st
pue ubp 0= 0= 0 YITA UDTINQIMSTP Teljeds welssten 1q e Sey wreaq oYl ' Lopur[£> UOQIed pl{os
uo awptyt sunold A2] § 107 (wonoxd WBPTOUT. WDO/ASH uT) Aqtsusp Ldraww  Tenbo jo smoquop e Sy

S b ¢ w 5 _
.Wl.....llllowh\ Ol 1 L \\\
i 2.0l \\\ \\\
mw \\ \ \
o .Illl.!lf \&_ \ \
/i
" ol /
af- \ \\ / | fo| /
i N /o
g D e N _
B /]

O

Ol

0¢
)
Is,
3

O¢

Ot

0§



' AQUTeLISDUN TEDTSTYEIS O) anp IO
fqtrer> 10y popimmo  3q faw sImonued amog  STXe TOpUT[£> Ay Uo polojms pue o) [ofTered st
pUE uD] (= f= 0 YITA UOTINQTMSTP Telqeds ueTssien-Tq © Sey weaq oY, IOPUTTA> uoqred prios

uo Juepiout suooid psp Q1 107 (uojoad JUBPTOUT . UD /A UL) fiisusp fBmwus Tenbe Jo smoucn g 3Ty
w'z
G 174 ¢ é |
Ol "] 0
r — 0 ——
TO_ .\\\\ \
— — Ol / 4 Ol
-
6l e /
| FIRvay
= 0¢
PR ol \
Z ol 7 ‘ 5
m
S Lo [
. el
/L
i \\ \m.o_ 107
L \ \ wO_
1 _ 1 | | 1 | ) 1 L\ ] _ 1 1 H t Om




F36

S3IHONI'H

“AqurelIonun TestystIEds 0 anp 1o
Ayrrero Io], pojatme  9q Aew SMOYWOD amOg  CSTXE TopuT{A> S UD paIdjuBd pue o [afrered st
PU¢ UD] 0= 0= 0 WIA UWDIIIISTP Terjeds wersswen.iq € sey wesq oyl -1epu[A> UOQIed prios

uwo uepTouT suoxd pAsl oF 1o (uojoxd FUBPTOUT. WD /A9D UT) ftsusp Adieue renbe Jo smoquop g iy

wz
G 1% ¢ é |
- o | | \\
L Ol \\
| _ /l/

<F - / \

| VL

, el

T T

oL ol
Gl =

o

O¢

O¢

Ob

0S

W'y



GeV/cm-inc. PROTON

ENERGY DENSITY

z,ft
5 10 15

10° pr———T T T 73 10°
] 1
10 = 10

~ 5 TeV m
100 —10°

. ]

b -
o} —H10
102 —10°

[ 1 [ | | | | l I 3

0 ! 2 3 4 5

Fig. 37 Radially integrated energy density (in GeV/ameincident protarw
for 5, 10 and 20 TeV protoens incident on 5m long solid carben
cylinder.
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Fig. 38. Longitudinally integrated energy density (in GeV/cm*incident

protory for 5, 10 and 20 TeV protans incident on O.5m radius
solid carbon cylinder.
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ENERGY DENSITY, CONCRETE GeV/cm-inc. PROTON

Fa2

z,m WET SOIL
, 1 2 3 4 5
IO - [ i | I I I I | ] =
- —
\ 1
10' = 310
- 20 TeV h
10 TeV
10° = 5 TeV = 100
10" - 10’
102 - 10°
! | ! | ! l | [ ] -
O I 2 3 4 )

z,m CONCRETE

Fig. 42. Radially integrated energy density (in GeV/cm*incident proton)
for 5, 10 and 20 TeV protons incident on a 5m long solid con-
crete (left & bottom axes) or soil (right & top axes) cylinder.
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F43

R,cm WET SOIL

4 10 20 30 40 50
107 I T T T
- I | T 3
— 103
.
7
20 TeV ]
10 TeV -
5 TeV i
— 102
10' 10!
- 1 I | 1 I | | l ]
0 10 20 30 40 50

Fig. 43. longitudinally

R,cm CONCRETE

in

ated energy density (in GeV/cme*incident

protory for 5, 10 and 20 TeV protons incident on 0.5m radius
solid concrete (left & bottom axes) or soil (right & top axes)

cylinder.
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ENERGY DENSITY GeV/cm-inc. PROTON

Fa7

z ft
5 10 15
]OZ - | \ T 1 I ] { | { | | =
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Fig. 47. Radially integr

102

107

10°

ated energy density (in GeV/cmeincident proten

for 5, 10 and 20 TeV protons incident on 5m lang solid aluminum

cylinder.
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Fig. 48. Longitudinally integrated energy density (in GeV/cmeincident

pretary for 5, 10 and 20 TeV protons incident on 0.5m radius
solid aluminum cylinder.
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Fig. 52 Radially integrated energy density (in GeV/am*incident protoro
for 5, 10 and 20 TeV protons incident on 5m long solid iren
cylinder.
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Fig. 53. Lengitudinally integrated energy density (in GeV/cmeincident
protorw for 5, 10 and 20 TeV protons incident on 0.5m radius
solid iron cylinder.
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GeV/cm-inc. PROTON

ENERGY DENSITY

F&7

z,ft
O 5 10 15
: | 1 T I l I T I T ] | T I T l T
2| A2
= 20 Tev 2 10
- 10 TeV .
L 9 TeV .

{ LlLHLLl
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- | ! | [ | I | -
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Fig. 57. Radially integrated energy density (in GeV/cmeincident protorv
for 5, 10 and 20 TeV protons incident on 5m long solid lead
cylinder.
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Fig. 58. Longitudinally integrated energy density (in GeV/cm*incident
protony for 5, 10 and 20 TeV protons incident on 0.5m radius
solid lead cylinder.
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STARS /(int. proton+cm)

To}

Q-2

1073

1073

F61

z,ft WET SQIL
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Fig. 61. Radially integrated star density (in stars/cmeinteracting

protary in soil shield around a 1.2m radius turmel for 5 and
20 TeV protons interacting an the inside (with respect to
the ring> of the beampipe of a coantinuous dipole inside the
tunnel. The protans interact at zero depth. The calculation
has a cut-off momentum of 0.3 GeV/c.
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STARS / {int. proton «cm)
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10
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1073
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Fig. 64. Radially integrated star density

z,ft WET SOIL
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z,m WET SOIL

(in stars/aneinteracting
protary in soil shield around a 1.2m radius tunnel for
S and 20 TeV protons interacting in the middle of the
beampipe of a contimious dipole inside the tamnel. The
protons interact at zero depth. The calculation has a
cut-off momentum of ©.3 GeV/c.
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STARS/ (int. PROTON:cm)

F&7

z,ft WET SOIL

O 50 100 150 200
IOI EII]IIIIIIIIIII'II!lTrr[llI!lillTlTl_rlllIITlTlllT 10'
o_ j‘ ) O
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Fig. €7. Radially integrated star density (in stars/cmeinteracting
protor) in soil shield around a 1. 2m radius tamnel for 5 and
20 TeV protons interacting on the outside (with respect to
the ring) of the beampipe of a continuous dipole inside the
tunnel . The protons interact at zero depth. The calculaticm
has a cut-off momentum of 0.3 GeV/c.
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Fig. 68 Longitudinally integrated star density (in stars/cmeinteracting

protor) in soil shield around a2 1.2m radius tunnel for 5 and
20 TeV protons interacting on the outside (with respect to the
ring) of the beampipe of a continuous dipole inside the tunnel.
For wet soil wuse left & bottom axes and for dry scil right &
top axes. The calculation has a cut—off momentum of 0.3 GeV/c.
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STARS /cm.nc. PROTON

STAR DENSITY ,WET SOIL

1072

F71

Fig. 71. Radially integrated star density (in stars/cmeinteracting

protcry in soil shield arcund a 1 .2m radius tamnel for 5
and 20 TeV protans interacting an the side of a bare
beampipe inside the turmel. The protcns interact at zero
depth. The calculation has a cut-off momentam of 0.3 GeV/c.
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STAR DENSITY , WET SOIL
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Fig.
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72. Longitudinally integrated star demsity (in stars/cnrinteracting

proton) in soil shield around a 1.2m radius tumel for 5 and
20 TeV protans interacting on the side of a bare beampipe inside
the turnel. For wet soil use left & bottom axes and for dry soil
right % top axes. The calculation has a cut-off momentum of
0.3 GeV/c.
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Fig. 74. Radially integrated star demsity (in stars/cm+interacting
protary in the air of 1.2m radius tarmel for S, 10 and 20 TeV
protans interacting in the middle of the beampipe of a
continuous dipole in the tarmel. The protons interact at zero
depth. The calculation has a cut—off momentam of 0.3 GeV/c.
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Fig. 75. Radially integrated star density {(in stars/cmeinteracting
protar) in the air of 1.2m radius tarnel for 5, 10 and
20 TeV protons interacting on the side of a bare beampipe
in the tarmel. The protens interact at zero depth. The
calculation has a cut~off momentum of 0.3 GeV/c.
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Fig. 103. Radially integrated energy density (in GeV/ameinteracting
Frotan) due to muons from cascades initiated by 5, 10
and 20 TeV protans in infinite scil. For wet soil use left
& bottom axes and for dry soil right & top axes.
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Fig. 104. Longitudinally integrated energy density (in GeV/cmeinteracting

protaon)  due to muons from cascades initiated by 5, 10 and
20 TeV protens in infinite soil. For wet soil use laft & bottom
axes and for dry soil right & top axes.
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an the side of a bare beampipe inside the tunnel.



F109

- kqureyTeun

S11STAEIS On anp I0 fQTreys JoJ poriTwo aq few smoyuod  amog ‘aTdiexe AUD  I0J UMOUS Se
m.o £q umop peTess aq 3stal (sexe doy ¥ WBLn [Tos {Ip 0 SMOUD) u@y Jo szamed reidoqur are
(soxe WN0q § 1J2T) (106 1am 10] smoquoy  utod wrioemur oy 9 Butl ey o [eTqueduey ST
WTIOAITP-2 Y|, UMy oy Iplsut qsudem e jo adidmesq sy jo spIsut ayy o suojord ASL §  JO
SUOT)PRIUT UDIJ SUDTEN OF anp [JULTY} SNIPEI &g | € punore plaTys [1os e Jo (BuTI ayy 07 403dsax
yimy querpenb spisur ap ur  (wjoxd JuroRIMUT MBI UT) JURTEATNDO-ssop Tenbo Jo sInOYUO) 60T 3T

0SS AHQ W'Y

0S 13IM wy'z

T

\

?9@@7

\

\

T

)

\

N

L N

|

0SS AHO wy'z

a0
TO0S 13m w'y

N

91

0c



F110

* Aqurey eoun
[eoTqsTe}s O onp Jo Aj1re[d I0J pPoiTo aq Aem soquoo  awog CaTdExs SUD IOJ URMOUS Se
G9'0 Aq umop peTeds aq st (sexe doy ¥ WHBID [Tos AIp I0f SOy U Jo siamod Terdxut are
(Soxe wWOYI0q ¥ 1JOT) T10S 19k I0f SIMOYuD) Hurod WOTRoRIZIUT o 98 Buti sy ) TeTjuedue) ST
WwTqceITp-z 8y oUW 2 aprsur qaudam v jo adrdwesq ey Jo epTsUT ayy wo sunord A3l 01 JO
SUCT)2RIFUT WOIJ SUOME O} 3Np [aullY) Snipel ug'| € punore pratys (1os € jo @ut1 ay o7 qoadssa
sy Aquerpenb apTsut @y uT  (uojoxd JurTjoRIeNUT/WRI UT)  quUBTEAba-8s0p Tenbe Jo smojuop Q11 Bty

NOS 13IM wy'z
i

¢ Z |
OI-G'9
Bl-
/ m_.o_/ /

G a7
mw_.O_/

e

3 ol /\\m 3

s || A A Y/

e e/
\| a0l \ | /]

'N.‘_\-

fio

/‘
=

70S AHQ wy'z



F111

‘ fquresreoun
[es1as1qels o3 anp Io Lq1ire[d 1o peyun oq few SIaNOuoD>  amog ‘aTduexs QU0 IOJ UMNW]S Se
G9'0 Aq umop peTeds 2q Jstm (saxe dog ¢ WD (108 AIp Jof sIOquD) ‘U2 Jo stamod Terdsqur ere
(Sexe wD}0q § 1J91) 1108 Jam I0] Smojuo) qutad wrqoeleur ayy 98 3ur: sy 03 TeruEde) st
WOTIDRITP-Z JYL [y} Y3 aprsul qudenm e jo edidwesq ayy yo sprsuT ayn uo sumoxd pAs OZ JO
SUOTAYEIYUT WOI] SUNE O3 anp [auwHr) SNIPeI 7 | ® punore PIatys [Ios e Jo (Burl an oy qoadsax
) querperb eprsul  eyy ur  (upjoxd Bujoerequi el utr) YBTRATNbo_ssop Terbe Jo smoquop ITT T4

710S LIM wy'z

q0S ANMQ w'yY
0 @)
//—-‘
@
o
//
"
— (
S
N
708 L3Im w'y

R VA

\ (/]
WY EVANAR

S v ¢ 2 |
TNOS AYG wy'z

e

&
—
]
4
=

e
>
/




GeV/cm-inel. coll.,, WET SOIL

F112

z,km DRY SOIL

I llilm]

I lllll[l] I Illlllll

I ITIHI[

I 2 3 4
T I 1 i { I T I 1 .
20 TeV B
-
—
ﬁ
—
=
| | L \ ]

O

Fig. 112.
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Radially integrated energy density (in GeV/am+interacting
protary in the inside quadrant (with respect to the ring) of
a soil shield around a 1.2m radius tammel due to muons frem
interactions of &, 10 and 20 TeV protens on the inside of
the beampipe of a continuous dipole inside the tumnel. The z-
direction is tangential to the ring at the interaction point.
For wet soil use left & bottom axes and for dry soil right
& top axes.
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Fig. 113. Longitudinally integrated energy density (in GeV/ameinteracting

protory in the inside quadrant (with respect to the ring) of a
soil shield around a 1.2m radius tumnel due to muons from inter-
actions of 5, 10 and 20 TeV protons on the inside of the beam
pipe of a continmuous dipole inside the tamnel. The R-direction
is perpendicular to a tangent to the ring at the interaction
point. For wet soil use left & bottom axes and for dry soil

right & top axes.
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respect to the ring) of a soil shield aroumd a 1.2m radius tunnel due to muons from interactions
are integral powers of ten. Contours for dry soil (right & top axes) must be scaled down by 0.65

of 20 TeV protans an the inside of the beampipe of

is tangential to the ring at the interaction point.

as shown for one example.
uncertainty .

Fig. 114. Contours of equal dose—equivalent (in rem/interacting proton) in the top/bottom quadrant (with
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Fig. 115. Radially integrated energy density (in GeV/ameinteracting protom)
in the top and bottom quadrant of a soil shield around a 1.2m
radius tamnel due to muons fram interactions of 5, 10 and 20 TeV
protons an the inside of the beampipe of a continuous dipole
inside the turnel. The z-direction is tangential to the ring at
the interaction point. For wet soil use left & bottom axes and
for dry soil right & top axes.
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Fig. 116. Longitudinally integrated energy density (in GeV/cmesinteracting
protory in the top and bottom quadrant of a soil shield around
a 1.2m radius tunnel due to muons from interactions of 5, 10 and
20 TeV protens on the inside of the beampipe of a continucus
dipole inside the tunnel. The R-directicn is perpendicular to a
tangent to the ring at the interaction point. For wet soil use
left & bottom axes and for dry soil right & top axes.
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Fig. 120. Radially integrated energy demsity ( in GeV/ameinteracting

protar) in the outside quadrant (with respect to the ring) of
a soil shield aromd a 1.2m radius tumnel due to mons from
interactions of 5, 10 and 20 TeV protens on the inside of the
beampipe of a contimuous dipole inside the tumnel. The z-
direction is tangential to the ring at the interaction point.
For wet soil use left & bottom axes and for dry soil right &
top axes.
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Fig. 121. Longitudinally integrated energy density (in GeV/cmeinteracting

protay in the ocutside quadrant (with respect to the ring) of a
soil shield arcund a 1.2m radius tamnel due to muons from
interactions of 5, 10 and 20 TeV protans on the inside of the
beampipe of a continuous dipole inside the tunnel. The R-direc-
tion is perperdicular to a tangent to the ring at the inter-
action point. For wet soil use left & bottom axes and for dry
s0il right & top axes.
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Fig. 124. Radially integrated energy demsity (in GeV/cme*interacting
protary in the inside quadrant (with respect to the ring) of
a soil shield around a 1.2m radius tunnel due to mucms from
interactions of 5, 10 and 20 TeV protons on the outside of the
beampipe of a contimuous dipole inside the tunnel. The z-
direction is tangential to the ring at the interaction point.
For wet soil use left & bottom axes and for dry soil right &
top axes.
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Fig. 126 Longitudinally integrated energy density (in GeV/am*interacting

proton) in the inside quadrant (with respect to the ring) of a
soil shield around a 1.2m radius turmel due to muons fram
interactions of §, 10 and 20 TeV protcns on the outside of the
beanpipe of a continuous dipole inside the turmel. The R-direc-
tion is perpendicular to a tangent to the ring at the inter-
action point. For wet soil wuse left & bottom axes and for dry
soil right & top axes.
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Radially integrated energy density ( in GeV/cme interacting
protory in the outside quadrant (with respect to the ring) of
a soil shield around 2 1.2m radius tunnel due to mucns fram
interactions of 5, 10 and 20 TeV protcns on the ocutside of the
beampipe of a continuous dipole inside the tunnel. The z-
direction is tangential to the ring at the interaction point.
For wet soil use left & bottom axes and for dry soil right &

top axes.
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Fig. 127. Longitudinally integrated energy density (in GeV/cme interacting
protony in the outside quadrant (with respect to the ring) of a
a soil shield around a 1.2m radius tunnel due to mucns fram
interactions of 5, 10 and 20 TeV protons on the outside of the
beampipe of a continuous dipole inside the tunnel. The R-direc-
lon is perpendicular to a tangent to the ring at the inter-
action point. For wet soil use left & bottom axes and for dry
soil right & top axes.
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Fig. 130

Z,km WET SOIL

Radially integrated energy density ( in GeV/cmeinteracting
protan) in the inside quadrant (with respect to the ring> of
a soil shield around 2 1.2m radius tammel due to muons from
interactions of 5, 10 and 20 TeV protans in the middle of the
beampipe of a continuous dipole inside the tammel. The z-
direction is tangential to the ring at the interaction point.
For wet soil use left & bottom axes and for dry soil right &
top axes.
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Fig. 131. Longitudinally integrated energy density (in GeV/am*interacting

protan) in the inside quadrant (with respect to the ring) of
a soil shield around a 1.2m radius tumnel due to muons from
interactions of 5, 10 and 20 TeV protans on the middle of the
beampipe of a continuous dipole inside the tumnel. The R-direc-
ion is perpendicular to a tangent to the ring at the inter-
action point. For wet soil use left & bottom axes and for dry
so0il right & top axes.
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GeV/cm inel. coll., WET SOIL
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Fig. 136. Radially integrated energy density ( in GeV/cmeinteracting

protar) in the inside quadrant (with respect to the ring) of
a soil shield around a '1.2m radius turmel due to mucns fram
interactions of 5, 10 and 20 TeV protans on the inside of the
beampipe of a continuous dipole inside the tunnel. The abcissa,
S, is the distance alcng the ring from the interaction point.
For wet soil use left & bottam axes and for dry soil right

& top axes.
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Fig. 137. Longitudinally integrated energy density (in GeV/cmeinteracting

proton) in the inside quadrant (with respect to the ring) of
a soil shield around a 1.2m radius tunnel due to muons from
interactions of 5, 10 and 20 TeV protons on the inside of the
beampipe of a cantinuous dipole inside the tamnel. The abcissa,
R, is the radial coordinate of the tunnel. Far wet soil use
left & bottom axes and for dry soil right & top axes.
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GeV/cm-inel. coll., WET SOIL
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Fig. 140. Radially integrated energy density ( in GeV/ameinteracting

protond in the inside quadrant <(with respect to the ring) of
a soil shield around a 1.2m radius tunnel due to muems from
interactions of 5, 10 and 20 TeV protons on the outside of the
bearmpipe of a continuous’ dipole inside the tamnel. The abcissa,
5, is the distance along the ring from the interacticn point.
For wet soil use left & bottom axes and for dry soil right
& top axes.

GeV/cm-inel. coll., DRY SOIL
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Fig. 141. Longitudinally integrated energy demsity (in GeV/cmeinteracting

protan) in the inside quadrant (with respect to the ring) of
a soil shield around a 1.2m radius tunnel due to muons frem
interactions of 5, 10 and 20 TeV protons cn the cutside of the
beampipe of a continuous dipole inside the tunnel. The abcissa,
R, is the radial coordinate of the tamnel. For wet scil use
left & bottam axes and for dry soil right & top axes.
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STARS 7{cm - inel. coll.) WET SOIL
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Fig. 145. Radially integrated star density (in stars/cmeinelastic col-
lision) in side—wall of collision hall (see fig. 142) for col-
iding beams of 5, 10 and 20 TeV protons interacting at z=0.
The calculation has a cut—off momentum of 0.3 GeV/c.
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Fig. 146. Longitudinally integrated star density (in stars/cmeinelastic
collision) in side-wall of collision hall (see fig 142 for
colliding beams of 5, 10 and 20 TeV protons interacting at z=0.
The calculation has a cut—off momentum of 0.3 GeV/c. For wet
soil use left & bottom axes and for dry soil right & top axes.
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STARS /7 (cm - inel.coll.) WET SOIL
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Fig. 149, Radially integrated star density {(in stars/om*inelastic
collisiond in of collision hall (see fig. 142 for
colliding beame of 5, 10 and 20 TeV protoens in ing at
z=0. The calculation has a cut-off momentum of 0.3 GeV/c.
Far wet soil use left R bottcam axes and for dry soil right
& top axes.
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tudipally integrated star density (in stars/cmeinelastic
colligion) in back-wall of collision hall <(see fig. 142> for
colliding beams of 5, 10 and 20 TeV protens in at z=0.
The calculation has a cut-off momentum of 0.3 GeV/c. For wet
soil use left & bottom axes and for dry soil right & top axes.
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Fig. 153. Radially integrated star density (in stars/am*inelastic
collisia in soil surrm ing a beampipe, for colliding
beams of S, 10 and 20 TeV protons interacting at z=0.
The calculation has a cut-off mcmentum of 0.3 GeV/c.
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Fig. 154. itudinally integrated star density (in stars/cmeinelastic

collisior) in soil surrounding a beampipe, for colliding beams
of 5, 10 and 20 TeV protons interacting at z=0. The calculatian
has a cut-off momentum of 0.3 GeV/c. Far wet soil use left &
bottom axes and for dry soil right & top axes.
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Fig. 158. Radially integrated energy density (in GeV/ameinelastic col-
lisio) in soil of various maon compoenents for colliding beams
of 5 TeV protons with a 20m long decay space following the
interaction region. For wet soil use left & bottom axes and

for dry soil right & top axes.
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Fig. 159. Radially integrated energy density (in GeV/cmeinelastic col-
lisiav in soil of various mun campanents for colliding beams
of 10 TeV protens with a 20m long decay space following the
interaction regicn. For wet soil use left & bottom axes and

for dry soil right & top axes.
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Fig. 160. Radially integrated energy density (in GeV/ameinelastic col-
lisia) in soil of various mxn camponents for colliding beams
of 20 TeV protons with a 20m long decay e following the
interaction region. For wet soil use left & bottom axes and

for dry soil right & top axes.
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